Liver X receptors (LXRs) a and b are transcriptional regulators of cholesterol homeostasis and potential targets for the development of antiatherosclerosis drugs. However, the specific roles of individual LXR isotypes in atherosclerosis and the pharmacological effects of synthetic agonists remain unclear. Previous work has shown that mice lacking LXRa accumulate cholesterol in the liver but not in peripheral tissues. In striking contrast, we demonstrate here that LXRa -/-apoE -/-mice exhibit extreme cholesterol accumulation in peripheral tissues, a dramatic increase in whole-body cholesterol burden, and accelerated atherosclerosis. The phenotype of these mice suggests that the level of LXR pathway activation in macrophages achieved by LXRb and endogenous ligand is unable to maintain homeostasis in the setting of hypercholesterolemia. Surprisingly, however, a highly efficacious synthetic agonist was able to compensate for the loss of LXRa. Treatment of LXRa -/-apoE -/-mice with synthetic LXR ligand ameliorates the cholesterol overload phenotype and reduces atherosclerosis. These observations indicate that LXRa has an essential role in maintaining peripheral cholesterol homeostasis in the context of hypercholesterolemia and provide in vivo support for drug development strategies targeting LXRb.
Introduction
Cholesterol is a vital component of cell membranes, bile acids, and steroid hormones and is therefore an essential molecule for animal cells. However, elevated cellular levels of free cholesterol are toxic and elevated plasma cholesterol levels increase the risk of atherosclerosis (1, 2) . As a result, dysregulation of cholesterol homeostasis at both the cellular and whole-body level is an important contributor to human disease.
The liver X receptors (LXRα and LXRβ) are members of the nuclear receptor superfamily of transcription factors. LXRβ is expressed ubiquitously, while LXRα is predominantly expressed in tissues and cells that play important roles in lipid homeostasis, such as the liver, intestine, adipose tissue, and macrophages. It is now appreciated that both LXR isoforms function as intracellular sensors of cholesterol excess. The natural ligands for both LXRs include oxidized derivatives of cholesterol (oxysterols), such as 22(R)-hydroxycholesterol, and 27-hydroxycholesterol (3) (4) (5) . Additionally, synthetic LXR ligands have been described that have greater potency and efficacy compared to physiological ligands (e.g., T0901317 and GW3965) (6, 7) . The LXR transcription factors form obligate heterodimers with the retinoid X receptor (RXR) and regulate target gene expression through interaction with LXR response elements (LXREs) in the regulatory regions of these genes.
Previous work has demonstrated that LXRs modulate lipid homeostasis through their participation in intestinal cholesterol absorption, conversion of cholesterol to bile acids, reverse cholesterol transport, and lipogenesis (8, 9) . Ligand activation of the LXRs has been reported to decrease intestinal cholesterol absorption efficiency (10, 11) , induce cholesterol efflux from lipid-laden peripheral cells such as macrophages (11) (12) (13) , and negatively regulate inflammatory gene expression (14) . Each of these effects would be predicted to have a beneficial effect on the development of cardiovascular disease. Indeed, confirmation that the LXR pathway plays a direct role in atherosclerosis susceptibility has been obtained from several studies using mice genetically deficient in LXR expression. LXRα/β double-knockout animals exhibit increased cholesterol accumulation in arterial wall macrophages on a normal chow diet (15) . Knockouts of the individual LXRs alone do not display this phenotype, however, indicating that the 2 isotypes can compensate for one another and maintain peripheral cellular cholesterol homeostasis under these conditions. Additional studies have demonstrated that the elimination of both LXRα and LXRβ in the bone marrow compartment results in accelerated atherosclerosis in both spontaneous (apoE -/-) and diet-induced (Ldlr -/-) models of the disease (16) . On the other hand, activation of LXRs by synthetic agonists has been shown to provide protection against lesion development and to cause regression of established lesions in these models (17) (18) (19) .
Previous observations that both LXRα and LXRβ regulate expression of ATP-binding cassette transporter A1 (Abca1), Abcg1, and other target genes in macrophages have supported the view that the 2 LXRs are functionally redundant with respect to the cholesterol efflux pathway (11-13, 15, 20-22) . For example, mice lacking LXRα accumulate cholesterol ester in their livers due to a deficiency in Cyp7A expression but do not accumulate appreciable levels of cholesterol in peripheral macrophages (22) . Furthermore, previous studies addressing the role of the LXRs in atherogenesis have focused solely on the consequence of loss of both LXRα and LXRβ. As a result, the specific roles of individual LXRs in wholebody cholesterol metabolism and atherosclerosis remain unclear. The question of whether LXRα and LXRβ have similar roles in the context of atherosclerosis is particularly important, since current strategies for LXR-targeted antiatherogenic drugs are focused on the development of LXRβ-selective ligands (23, 24) . The rationale for this approach is the hypothesis that LXRα and LXRβ are equally effective in promoting cholesterol efflux in macrophages, while LXRα is the primary isotype responsible for the undesirable effects of LXR agonist on plasma triglyceride levels (7, 22, 25) . Using LXRα single-knockout animals, both Quinet et al. and Lund et al. demonstrated that activation of LXRβ with an LXRα/β dual agonist can stimulate cholesterol efflux and increase HDL-cholesterol levels in mice without raising triglyceride levels (23, 24) . However, whether selective activation of LXRβ impacts the development of cardiovascular disease remains unclear.
We demonstrate here that the LXRα isotype plays a critical role in maintaining whole-body cholesterol homeostasis in the context of hypercholesterolemia. Unexpectedly, mice lacking both LXRα and apoE (LXRα -/-apoE -/-mice) exhibited massive cholesterol accumulation in peripheral tissues, increased whole-body cholesterol burden, and accelerated atherosclerosis. We further show that a highly efficacious synthetic agonist is able to compensate for the loss of LXRα and reduce atherosclerosis in LXRα -/-apoE -/-mice, providing in vivo validation for the pursuit of LXRβ-specific ligands for the treatment of atherosclerosis. cholesterol homeostasis and atherosclerosis, we generated mice that lack expression of both LXRα and apoE (LXRα -/-apoE -/-mice). apoE-deficient mice develop spontaneous hyperlipidemia and provide a widely utilized model for atherosclerosis. We chose to disrupt LXRα expression so that ligand studies focused on targeting endogenous LXRβ could be undertaken (see below). Unexpectedly, although LXRα and LXRβ have been reported to compensate for one another in macrophages in mice with normal plasma cholesterol levels, we found that LXRβ cannot adequately compensate for the loss of LXRα in the context of the hypercholesterolemic apoE -/-background. As the LXRα -/-apoE -/-mice aged, they exhibited marked skin thickening and alopecia compared with control apoE -/-mice ( Figure 1A ). The thickened skin was located predominately on the neck, limbs, and abdomen of all mice, although the extent of thickening and alopecia varied. Similar to that of other animal models of hypercholesterolemia (26) (27) (28) (29) , this phenotype is due in large measure to extreme accumulation of lipid within the skin. Lipid accumulation in LXRα -/-apoE -/-mice was apparent in both H&E- and oil red O-stained sections ( Figure 1, B and C) . Furthermore, the skin of LXRα -/-apoE -/-mice displayed an expanded dermis that was infiltrated with lipid-laden macrophages and cholesterol crystals. Confirmation that the intracellular lipid was located primarily within dermal macrophages was obtained by staining skin sections with the macrophage surface antigen CD68 ( Figure 1D ). In addition to skin, lipid accumulation in macrophages was also observed in other peripheral organs from LXRα -/-apoE -/-mice, such as the lymph nodes and spleen ( Figure 1 , B and C). It is important to note that these phenotypes of alopecia, skin thickening, and foam cell accumulation were not observed in even very old (older than 1 year) wild-type or LXRα -/-mice (data not shown).
Results

LXRα
Quantification of tissue lipid levels demonstrated that the skin of the LXRα -/-apoE -/-mice had dramatically increased total cholesterol content compared with that of apoE -/-controls ( Figure 2A ). Consistent with these observations, whole-body cholesterol levels in the LXRα -/-apoE -/-mice were extraordinarily elevated ( Figure  2B ). In striking contrast to the tissue cholesterol levels, however, plasma cholesterol levels ( Figure 2C ) and fast protein liquid chromatography (FPLC) lipoprotein profiles ( Figure 2D ) did not differ not significantly between the genotypes. LXRα and LXRβ are known to participate in reverse cholesterol transport by promoting cholesterol efflux from macrophages through the expression of genes such as the transporters Abca1 and Abcg1. The above observations point to a potential defect in this pathway in LXRα -/-apoE -/-mice. The phenotype of these mice suggests that cholesterol is not being properly effluxed from macrophages into the blood for return to the liver. Despite a marked accumulation of cholesterol in peripheral tissues, we did not observe significant defects in the expression of these transporters in the liver, lung, spleen, or skin in the LXRα -/-apoE -/-mice compared with controls (data not shown). However, subtle defects in the expression of these transporters in macrophages within these organs may be difficult to detect, since macrophages constitute only a small percentage of cells in these organs. To further address this issue, we examined the expression of ABCA1 and ABCG1 in peritoneal macrophages isolated from LXRα -/-apoE -/-and apoE -/-mice treated with endogenous or synthetic LXR ligands ( Figure  2E ). In all cases, we observed a fractional decrease in the ligandmediated upregulation of these transporters in macrophages isolated from LXRα -/-apoE -/-mice compared with controls. Defects in expression were also seen for additional LXR target genes involved in reverse cholesterol transport, including lipoprotein lipase (LPL) and the phospholipid transfer protein (PLTP). These results are consistent with previous studies that have reported gene dosagedependent effects on the expression of some LXR target genes in isolated primary macrophages (30) . Interestingly, in the absence of apoE, which is thought to be an important acceptor in ABCA1-mediated cholesterol efflux, other apolipoproteins in this gene cluster, such as apoCI, continue to be induced by ligand. As expected, SPα/AIM, an LXRα-specific target gene, was not regulated in macrophages isolated from LXRα -/-apoE -/-mice.
LXRα -/-apoE -/-mice exhibit accelerated atherosclerosis. The massive cholesterol accumulation observed in the peripheral tissues of the LXRα -/-apoE -/-mice suggested that the loss of LXRα on this background might also lead to the accumulation of foam cells in the artery wall and exacerbated atherosclerosis. To quantify atherosclerosis development, en face lesion analysis was performed on aortas from mice at both 14 and 34 weeks of age. As expected, the extent of aortic lesion coverage in control mice increased with age (approximately 7.5-fold; Figure 3A ). This was also observed in the LXRα -/-apoE -/-mice, with aortic lesion coverage increasing approximately 9-fold. More importantly, the LXRα -/-apoE -/-mice exhibited a 2-fold increase in atherosclerotic lesions throughout the aorta compared with control mice at 14 weeks of age and a 2.4-fold increase at 34 weeks of age. Similar results were obtained when atherosclerosis in these mice was assessed by quantification of oil red O-stained aortic root sections ( Figure 3B ). Although there was a 2-fold increase in lesion area in the LXRα -/-apoE -/-mice compared with control mice at 14 weeks of age, this difference did not reach significance due to the small sample size for one of the genotypes. However, at 34 weeks of age, there was a highly significant, 3-fold increase in lesion area in the LXRα -/-apoE -/-mice compared with controls. The above results clearly demonstrate that in the genetic absence of LXRα, the level of LXR pathway activation achieved by LXRβ and endogenous ligand is unable to maintain homeostasis in the setting of the apoE-null background. Moreover, the increased atherosclerosis in these mice is consistent with an inability of macrophages to efficiently efflux cholesterol through the LXR pathway. It is also important to note that wholebody cholesterol burden, but not plasma cholesterol levels, correlated with extent of atherosclerosis in the LXRα -/-apoE -/-mice ( Figure 2B and Figure 3A) .
Ligand activation of LXRβ reduces atherosclerosis in LXRα -/-apoE -/-mice. Although endogenous ligand acting on LXRβ was unable to provide sufficient efflux activity to maintain homeostasis in LXRα -/-apoE -/-mice, we asked whether a highly efficacious synthetic LXR agonist could alleviate cholesterol overload and provide antiatherogenic effects in this setting. This is a particularly important question, since current strategies for LXR-targeted antiatherogenic drugs are focused on the development of LXRβ-selective ligands (23, 24) . Analysis of gene expression in peritoneal macrophages confirmed that the synthetic LXR agonist GW3965 was more efficacious than the endogenous activators 22(R)-hydroxycholesterol, 20α-hydroxycholesterol, and 27-hydroxycholesterol with respect to induction of LXR target genes ( Figure 2E ). To evaluate the activity of GW3965 in vivo, control and LXRα -/-apoE -/-mice were placed on a Western diet or Western diet supplemented with GW3965 (20 mg/kg/d) from the time they were weaned (3 weeks old) until they were sacrificed. En face analysis was performed to quantify atherosclerosis development in mice that were fed Western diet with or without LXR ligand. Consistent with the results obtained on the normal chow diet (Figure 3) , LXRα -/-apoE -/-mice fed a Western diet exhibited a 2-fold increase in atherosclerotic lesion area throughout the aorta compared with apoE -/-control mice ( Figure 4A ). Importantly, GW3965 administration significantly inhibited the development of atherosclerotic lesions in both the apoE -/-and LXRα -/-apoE -/-mice (by 56% and 39%, respectively), indicating that targeting LXRβ with GW3965 is able to compensate for the loss of LXRα and reduce atherosclerosis in LXRα -/-apoE -/-mice. Comparable results were obtained when atherosclerosis in these mice was assessed by quantification of oil red O-stained aortic root sections ( Figure 4B ). Again, significant decreases in lesion area were observed in both apoE -/-and LXRα -/-apoE -/-mice treated with LXR ligand (43% and 33% reduction, respectively). Consistent with previous studies, GW3965 treatment resulted in a decrease in total and unesterified cholesterol levels and an increase in HDL-cholesterol levels in both genotypes (Table 1) . Additionally, although ligand administration resulted in a significant increase in plasma triglyceride levels in apoE -/-control mice, no significant effect was observed in the absence of LXRα ( Figure 5, A and B) . These observations provide the first evidence to our knowledge that pharmacologic activation of LXRβ alone can inhibit the development of atherosclerosis.
Ligand activation of LXRβ reverses cholesterol overload and decreases inflammation. The observation that atherosclerosis was significantly reversed by GW3965 led us to ask whether this correlated with changes in whole-body cholesterol levels. Consistent with the results obtained with mice fed a normal chow diet, there was a dramatic (~2.5-fold) increase in whole-body cholesterol burden in LXRα -/-apoE -/-mice on a Western diet compared with apoE -/-controls ( Figure 6A ). Furthermore, administration of the synthetic LXR ligand led to a comparable reduction in whole-body cholesterol levels in both apoE -/-mice and LXRα -/-apoE -/-mice (although the reduction in the latter group did not achieve statistical significance). As the dramatic skin phenotype of LXRα -/-apoE -/-mice ( Figure 1 ) does not become apparent until later than the 14-week time point chosen for the atherosclerosis studies, it was not pos- 
Figure 5
Triglyceride levels in apoE -/-and LXRα -/-apoE -/-mice treated with synthetic LXR ligand. Mice were gavaged with either vehicle (Veh) or GW3965 (GW) once a day for 3 days. (A) Plasma triglyceride levels were determined for individual mice using an enzymatic assay. Data are expressed as mean ± SEM. n = 4 per group. P value is indicated. (B) Plasma samples were pooled, and FPLC analysis was conducted. n = 4 per group.
sible to determine whether this phenotype was reversed by LXR agonist. However, since a very large fraction of excess cholesterol accumulates in skin (Figure 2A) , and since whole-body cholesterol burden was reduced by agonist, it is very likely that cholesterol accumulation in skin was reduced in agonist-treated mice. To address whether ligand administration was alleviating cholesterol overload by inducing reverse cholesterol transport, we performed efflux assays. GW3965 was capable of inducing apoAI- and HDL-specific efflux in peritoneal macrophages from both LXRα -/-apoE -/-mice and apoE -/-controls, which may partially explain the antiatherogenic effects of ligand treatment (Figure 6B) . Despite the fractional decrease in the expression of genes involved in reverse cholesterol transport observed in response to synthetic agonist, in vitro efflux assays did not demonstrate a functional difference between genotypes. However, the sensitivity of this assay is very low, with only a 2- to 3-fold increase in efflux observed with synthetic LXR agonist. Clearly, LXRα -/-apoE -/-macrophages in vivo have a marked defect in efflux, because they accumulate more cholesterol than apoE -/-controls in the face of similar plasma cholesterol levels.
Analysis of basal LXR target gene expression in freshly isolated peritoneal macrophages from Western diet-fed mice also supported a cholesterol efflux defect in LXRα -/-apoE -/-macrophages. Basal expression of Abca1, Abcg1, and Lpl was modestly but significantly higher in LXRα -/-apoE -/-cells compared with apoE -/-controls, consistent with the chronic accumulation of elevated levels of oxysterol LXR activators within these cells ( Figure 6C ). This compensatory increase in LXR target gene expression in cells with defects in the cholesterol efflux pathway is similar to that recently observed in Abcg1 -/-macrophages in vivo (31, 32) . In the setting of short-term oxysterol ligand treatment, apoE -/-cells are more responsive to ligand than LXRα -/-apoE -/-cells ( Figure 2E ). In the face of chronic hypercholesterolemia, however, apoE -/-macrophages are able to maintain cholesterol homeostasis and clear the excess cholesterol through the LXR pathway, whereas cholesterol slowly builds up in LXRα -/-apoE -/-cells and the level of LXR target gene activation by endogenous ligand is unable to keep up with this burden.
The increase in reverse cholesterol transport of cholesterol from the periphery to the liver in LXRα -/-apoE -/-mice treated with GW3965 did not result in an increase in hepatic cholesterol content ( Figure 6D ), indicating that the ability to remove cholesterol from the body is preserved in ligand-treated LXRα -/-apoE -/-mice. Although formal studies of cholesterol secretion were not performed, gene expression studies indicated that basal expression of hepatic ABCA1, ABCG5, ABCG8, and CYP7A1 was not defective in LXRα -/-apoE -/-mice compared with apoE -/-mice ( Figure 7A ). Consistent with previous work, synthetic LXR agonist failed to induce expression of Abca1, Abcg1, and Cyp7a1 in the LXRα -/-apoE -/-mice (24, 33) . The preserved response of ABCA1 to ligand is likely due to the prominent expression of this gene in Kupffer cells, which, in contrast to hepatocytes, express high levels of both LXRα and LXRβ. As expected, expression of the LXRα-selective target gene SPα was severely compromised in LXRα -/-apoE -/-mice. It is also worth noting that the LXRα -/-apoE -/-mice did not show a compensatory increase in hepatic or intestinal expression of LXRβ ( Figure 7, A and B) .
Previous studies have demonstrated that LXR activation decreases intestinal absorption of cholesterol through the induction of ABC transporters (11, 33) . Recent studies have also indicated that the intestine may play a role as an excretory organ in reverse cholesterol transport (34, 35) . In contrast to those in the liver, where loss of LXRα expression compromises response to LXR agonist, target genes in the intestine were highly responsive to synthetic ligand in both apoE -/-and LXRα -/-apoE -/-mice ( Figure 7B ). This observation, coupled with the fact that treatment with LXR agonist led to a decrease in plasma cholesterol levels in both genotypes (Table 1) , strongly suggests that the intestine may be an important contributor to the therapeutic effects of agonist in LXRα -/-apoE -/-mice.
Previous work has also demonstrated that LXR ligands negatively regulate inflammatory gene expression (14) . To determine whether LXRβ alone is capable of reducing cytokine production in the absence of apoE, peritoneal macrophages from LXRα -/-apoE -/-and control mice were treated with LPS in the presence or absence of GW3965. Consistent with previous results, ligand activation of LXRβ efficiently inhibited the expression of iNOS, IL6, and IL1B ( Figure 7C ). Thus, it is possible that decreases in inflammatory gene expression mediated by LXRβ may also contribute to the reduction in atherosclerosis observed in LXRα -/-apoE -/-and control mice treated with the synthetic LXR agonist.
Discussion
The relative importance of the 2 LXRs in atherosclerosis susceptibility and treatment has not to our knowledge been addressed previously. Prior in vivo studies of the role of LXRs in cardiovascular disease have focused solely on mice or cells lacking both LXRα and LXRβ. Consequently, the question of whether LXRα and LXRβ have nonredundant roles in the control of the macrophage cholesterol efflux pathway and foam cell formation in the context of hypercholesterolemia have remained unclear. We have shown here that LXRα is essential for maintenance of whole-body cholesterol homeostasis and peripheral cholesterol efflux in the context of the hypercholesterolemic apoE -/-background. Mice lacking both LXRα and apoE display massive cholesterol accumulation in peripheral tissues, increased whole-body cholesterol burden, and accelerated atherosclerosis. Intriguingly, whole-body cholesterol levels, which are normally very tightly regulated, were increased by more than 100% in the LXRα -/-apoE -/-mice. Moreover, this increased whole-body cholesterol burden correlated closely with increased susceptibility to atherosclerosis. These observations strongly suggest that while the activity of a single LXR is sufficient to maintain homeostasis when plasma cholesterol levels are low, the activity of both LXRα and LXRβ is essential for the ability to respond to the challenge of hypercholesterolemia.
Interestingly, the phenotype of the LXRα -/-apoE -/-mice differs markedly from that of the LXRα -/-mice fed a cholesterolrich diet (22) . LXRα -/-mice fed a cholesterol-rich diet accumulate large amounts of cholesterol in the liver and rapidly develop hepatic failure. This phenotype is due in part to the inability of LXRα -/-mice to induce the expression of the rate-limiting enzyme in bile acid synthesis, CYP7A1. In LXRα -/-mice, cholesterol does not accumulate in the peripheral tissues, presumably because it is removed by the reverse cholesterol transport pathway and
Figure 7
Gene expression in the liver, intestine, and peritoneal macrophages from apoE -/-or LXRα -/-apoE -/-mice. (A and B) Mice were gavaged with either vehicle or GW3965 once a day for 3 days. Liver (A) and intestine (B) RNA was isolated, and real-time PCR was conducted for the listed genes. Data are expressed as mean ± SEM. n = 4 per group. *P < 0.05; **P < 0.005. (C) Peritoneal macrophages were treated with DMSO or GW3965 in the presence or absence of LPS. RNA was isolated, and real-time PCR was conducted for the listed genes.
returned to the liver. We postulate that the activity of LXRβ is sufficient to activate macrophage target gene expression and promote effective cholesterol efflux in LXRα -/-mice (22) . By contrast, the phenotypes of the LXRα -/-apoE -/-mice are consistent with defects in the cellular cholesterol efflux and reverse cholesterol transport pathways. Ablation of apoE expression impairs the ability of apoE-containing lipoproteins to be taken up by the liver, and this likely explains why hepatic cholesterol content was not different in apoE -/-and LXRα -/-apoE -/-mice. At the same time, the apoE mutation presents the challenge of severe hypercholesterolemia to peripheral tissues. In LXRα -/-apoE -/-mice, it appears that the activity of LXRβ on the efflux pathway is not sufficient to handle the massive cholesterol burden, despite the presence of endogenous ligands. Cholesterol is not efficiently transferred to HDL and returned to the liver, so the majority of the cholesterol is retained in macrophages within peripheral tissues.
We have considered the possibility that there may be LXRα-specific target genes whose protein products provide specific antiatherogenic effects, and this possibility cannot be entirely excluded. However, the observation that ligand activation of LXRβ can ameliorate the enhanced atherosclerosis seen in LXRα -/-apoE -/-mice argues against this interpretation. The fact that pharmacologic activation of LXRβ can overcome the deficit in LXRα activity suggests that the relevant target genes involved must respond to both receptors. Quantitatively decreased expression of LXR target genes such as ABCA1, ABCG1, LPL, and PLTP, which are known to be involved in reverse cholesterol transport, provides a straightforward explanation for the accumulation of cholesterol in the peripheral tissues of LXRα -/-apoE -/-mice. An alternative possibility is that the combined loss of apoE and LXRα expression in macrophages has a synergistic inhibitory effect on cholesterol efflux. The apoE gene is itself a direct target for LXR in macrophages and has been proposed to have an important role in cellular cholesterol efflux (30) . apoE can serve as an acceptor for effluxed cholesterol and may also be involved in intracellular cholesterol trafficking (36) (37) (38) (39) (40) . The observation that basal expression of LXR target genes is modestly elevated in macrophages from LXRα -/-apoE -/-mice maintained on a Western diet is consistent with a defect in the efflux pathway. Interestingly, similar compensatory changes are observed in macrophages lacking the LXR target gene ABCG1 (31, 32) . In the future, it will be of interest to determine whether combined loss of LXRβ and apoE or of LXRs and the LDL receptor in mice lead to similar phenotypes.
The ability of the LXRs to induce macrophage cholesterol efflux and to inhibit inflammatory gene expression has generated widespread interest in these proteins as potential targets for atherosclerosis therapy. Although synthetic LXR ligands have been shown to have beneficial effects on atherosclerosis development in mice, these agents also increase triglyceride levels, which are an independent risk factor for atherosclerosis. LXRα is the predominant LXR expressed in liver, and the ability of LXR agonist to stimulate hepatic lipogenesis is thought to result primarily from LXRα regulation of SREBP1c and Fas expression (41) (42) (43) . The relative importance of LXRα in the liver has stimulated an interest in the development of LXRβ-selective agonists as potential atherosclerosis therapeutics. However, the question of whether activation of the LXRβ pathway is sufficient to reduce atherosclerosis has not been addressed. We have demonstrated here that the nonselective synthetic agonist GW3965 is able to reduce whole-body cholesterol levels and atherosclerosis in LXRα -/-apoE -/-mice through the targeting of LXRβ. Clearly, the increased potency of the synthetic ligand compared with endogenous ligand provided sufficient LXRβ activation to compensate for the loss of LXRα. Importantly, this occurred without an increase in plasma triglyceride levels. Although GW3965 did not completely reduce disease burden to a level comparable to that in apoE -/-mice (Figure 4) , it is possible that maximal LXRβ agonism may require a higher dose of ligand. Alternatively, as discussed above, it is also possible that there may be some LXRα-specific effects that cannot be compensated for by LXRβ. Finally, it is also possible that this simply reflects the fact that mice were only treated with agonist for part of their life (from 3 to 14 weeks of age). Perhaps treatment from birth would have led to further reductions in lesion formation. Nevertheless, the results presented here provide strong support for LXRβ as a potential target for the treatment of atherosclerosis.
Methods
Reagents. The synthetic LXR ligand GW3965 was provided by T. Willson (GlaxoSmithKline). 22(R)- and 20α-hydroxycholesterol were from SigmaAldrich and 27-hydroxycholesterol was from Research Plus. apoAI and HDL were from Intracel.
Animals and diets. All animals (Sv129 and C57BL/6 background) were housed in a temperature-controlled room under a 12-hour light/12-hour dark cycle and under pathogen-free conditions. LXRα -/-mice were originally provided by David Mangelsdorf, University of Texas Southwestern Medical Center, Dallas, Texas, USA. apoE -/-mice were from The Jackson Laboratory. Males were used in all experiments and were fed either standard chow, Western diet (21% fat, 0.21% cholesterol; D12079B; Research Diets Inc.), or Western diet supplemented so that mice received 20 mg/kg/d of GW3965, as indicated. For the set of mice that were placed on a Western diet with or without GW3965, this was done from the time they were weaned (3 weeks old) until they were sacrificed. For gavage experiments, mice were gavaged with either vehicle or 20 mg/kg of GW3965 once a day for 3 days. Tissues and blood were harvested 4 hours after the last gavage. All animal experiments were approved by the Institutional Animal Care and Research Advisory Committee of the UCLA.
Whole-body cholesterol analysis. Analysis was conducted as previously described (29) . Briefly, after a mouse was euthanized, the gastrointestinal (GI) tract was removed and the contents were washed out. Each mouse and cleaned GI tract was placed in a 250-ml Pyrex beaker containing 10 g KOH and 150 ml ethanol. The beaker was covered with aluminum foil, and the carcass was allowed to autodigest for 4 days at room temperature. The contents of the beaker were then stirred on a hot plate until the ethanol volume decreased to 50 ml. The contents were filtered into a 100-ml volumetric flask using 2 layers of stretched gauze over a glass funnel. The flask was allowed to cool, and the volume was adjusted to 100 ml with ethanol. The flask was inverted to mix the contents evenly, and the cholesterol content was determined using a commercially available enzymatic kit (Sigma-Aldrich). Data are expressed as milligrams of cholesterol per 100 grams of body weight.
Tissue and plasma lipid analysis. Lipids were extracted from tissues using the Folch method (44, 45). Briefly, chloroform extracts were dried under nitrogen and resolubilized in water. Cholesterol content was determined using a commercially available enzymatic kit (Sigma-Aldrich). Data are expressed as milligrams of cholesterol per gram of tissue weight. For plasma lipid analysis, mice were fasted overnight and euthanized. Blood was collected from the abdominal vena cava. Aliquots of plasma were analyzed for cholesterol content as described previously (17) . Plasma lipoproteins that were fractionated using an FPLC system were processed as previously described (46) .
Histological and lesion analysis. Immunohistochemistry of skin sections and preparation and staining of frozen and paraffin-embedded sections from
